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Abstract – The objective of this work was to identify soil chemical attributes restricting grain yield in Oxisols 
under the no-tillage system, using directed soil sampling. High, medium, and low yield zones were defined 
in two agricultural fields using historical yield data of several crops. The yield zones were defined based on 
the harvest maps of the following crops: corn in 2008/2009, white oat in 2009, and corn in 2012/2013 in field 
I, with 117.70 ha; and corn in 2009/2010, soybean in 2010/2011, and wheat in 2012 in field II, with 107.30 ha. 
Soil sampling points were georeferenced in each yield zone, where samples were collected at eight soil depths, 
spaced 0.05 m apart, totaling 80 variables. Low yields were associated with low cation exchange capacity, 
low phosphorus and organic matter contents, and high clay content. In both studied fields, the highest organic 
matter content in the subsurface layers was the main indicator of high yield. Soil sampling considering yield 
zones is an efficient strategy to identify chemical attributes restricting grain yield and also allows guiding 
more precise site-specific interventions.
Index terms: organic matter, precision agriculture, site-specific management, soil fertility, soil sampling, 
yield zones.
Atributos químicos do solo restritivos à produtividade de 
grãos em Latossolo sob sistema plantio direto
Resumo – O objetivo deste trabalho foi identificar atributos químicos do solo restritivos à produtividade 
de grãos em Latossolos sob sistema plantio direto, com uso de amostragem de solo dirigida. Foram 
definidas zonas de alta, média e baixa produtividade, em duas áreas agrícolas, por meio de um histórico de 
produtividade de diferentes culturas. As zonas de produtividade foram definidas de acordo com mapas de 
colheita das seguintes culturas: milho em 2008/2009, aveia-branca em 2009 e milho em 2012/2013, na área 
I, com 117,70 ha; e milho em 2009/2010, soja em 2010/2011 e trigo em 2012, na área II, com 107,30 ha. Os 
pontos de amostragem de solo foram georreferenciados em cada zona de produtividade, onde as amostras 
foram coletadas a oito profundidades, espaçadas entre si em 0,05 m, tendo totalizado 80 variáveis. Baixas 
produtividades estiveram associadas à baixa capacidade de troca de cátions, a baixos conteúdos de fósforo e 
matéria orgânica, e ao elevado conteúdo de argila. Em ambas as áreas estudadas, o maior conteúdo de matéria 
orgânica em camadas subsuperficiais foi o principal indicador de alta produtividade. A amostragem de solo, 
ao se considerar as zonas de produtividade, é estratégia eficiente para identificação de atributos químicos 
restritivos à produtividade de grãos e também permite orientar intervenções sitio-específicas mais precisas.
Termos para indexação: matéria orgânica, agricultura de precisão, manejo sítio-específico, fertilidade do 
solo, amostragem de solo, zonas de produção.
Introduction
The spatial variability of crop yield under the no-
tillage system (NTS) is influenced by several factors, 
especially soil chemical attributes (Rodrigues et al., 
2012, 2013; Santi et al., 2012). Knowledge of these 
limiting factors is essential for commercial crop 
planning (Rodrigues et al., 2012; Santi et al., 2012) and 
for site-specific management (Rodrigues et al., 2013; 
Corassa et al., 2016).
In order to determine cause and effect relationships 
between soil attributes and crop yield, the use of 
historical yield data has been proposed worldwide 
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(McBratney et al., 2005; Miao et al., 2006; Marques 
da Silva & Silva, 2008; Santi et al., 2012). The use of a 
large dataset aims to avoid substantial variation in grain 
yield throughout the years (McBratney et al., 2005; 
Rodrigues et al., 2013) and misguided management 
decisions (Rodrigues et al., 2013).
Regarding the effect of soil attributes on crop 
yield, Rodrigues et al. (2012) concluded that base 
saturation was the potential limiting attribute that best 
explained the spatial variability of corn (Zea mays 
L.) yield, while Rodrigues et al. (2013) reported that 
pH was the most influential attribute for this crop. 
Santi et al. (2012) also found that imbalances on the 
Ca:K and Mg:K ratios were limiting to the yields 
of both soybean [Glycine max (L.) Merr.] and corn. 
However, these studies only considered surface soil 
sampling (0.00–0.10 and 0.10–0.20 m), which may 
not be detailed enough to adequately represent soil 
fertility because of the vertical gradient formed in the 
NTS (Schlindwein & Anghinoni, 2000). The need for 
more detailed samplings is further stressed by the fact 
that, under satisfactory growing conditions, the roots 
of agricultural crops can exploit a large volume of 
soil (Hansel et al., 2017), far beyond the traditionally 
sampled layers.
Due to its higher level of detail, directed soil sampling 
should be an economic and rational alternative to site-
specific interventions, which may entail high costs. 
Moreover, this method, which considers historical crop 
yield data as a reference, can contribute to effective 
site-specific interventions and, consequently, to reduce 
yield spatial variability.
The objective of this work was to identify soil 
chemical attributes restricting grain yield in Oxisols 
under the no-tillage system, using directed soil 
sampling.
Materials and Methods
The experiments were carried out in two fields of 
commercial grain crops, located in the municipality 
of Boa Vista das Missões, in the state of Rio Grande 
do Sul, Brazil. Field I, with 117.70 ha, is located at 
27°43'15"S, 53°20'11"W, and field II, with 107.30 ha, 
at 27°43'10"S, 53°20'48"W. The soil, classified as a 
Latossolo Vermelho Aluminoférrico típico, according 
to the Brazilian soil classification system (Santos 
et al., 2006), is an Oxisol, i.e., a Typic Hapludox. Both 
fields have been cultivated under the NTS for more 
than 20 years without interruption, following a pre-
established crop rotation plan with intercropping of 
white oat (Avena sativa L.), black oat (Avena strigosa 
Schreb.), wheat (Triticum aestivum L.), and forage 
turnip (Raphanus sativus L. var. oleiferus Metzg) 
during winter, and of soybean and corn in summer. 
The local climate is humid subtropical, Cfa according 
to Köppen, and the average annual temperature and 
rainfall are 18.1ºC and 1,919 mm, respectively (Maluf, 
2000).
The variability in the yield potential of the fields was 
determined through the analysis of a series of historical 
yield maps, from 2008 to 2013, of the following crops: 
corn in 2008/2009, white oat in 2009, and corn in 
2012/2013, in field I; and corn in 2009/2010, soybean 
in 2010/2011, and wheat in 2012, in field II. Yield data 
were obtained with the Axial-Flow 2399 combine 
harvester (Case IH, Araras, SP, Brazil), equipped with 
a GPS system with correction by internal algorithms. 
The data included grain yield and moisture content.
All maps were subjected to the filtering process 
using the methodology proposed by Menegatti & 
Molin (2004). Subsequently, each map was relativized 
and filtered to the same 40x40-m grid, where the mean 
values for the sampling points comprehended all the 
data within a 20-m radius. Data with a coefficient 
of variation higher than 30% were eliminated. 
Relative yield (RY) maps were overlaid, generating 
a single map for each field. Three yield zones (YZs) 
were defined based on the historical average: low, 
RY<95%; medium, 95<RY<105%; and high, RY>105% 
(Figure 1). Three georeferenced points were defined 
in each YZ, at the center of a grid generated with the 
yield values of the respective crops. Mean, relative, 
and cumulative yield data, in each sampling point, are 
shown in Tables 1 and 2.
In November 2013, when the experimental fields 
were in fallow (prior to soybean sowing), the directed 
soil samplings were carried out following the 
methodology of Tedesco et al. (2004). Three samples 
(replicates) were collected at each yield sampling point, 
which had been previously georeferenced, at eight soil 
depths: 0.00–0.05, 0.05–0.10, 0.10–0.15, 0.15–0.20, 
0.20–0.25, 0.25–0.30, 0.30–0.35, and 0.35–0.40 m. 
The soil samples were oven-dried at 40°C, ground, 
sieved (2-mm), and analyzed according to Tedesco 
et al. (1995). Clay content was determined with the 
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densimeter method, and soil organic matter (OM), 
with the wet combustion method. pH in water was 
obtained using the 1:1 soil to water ratio; phosphorus 
and potassium were extracted with the Mehlich-1 
method; and calcium, magnesium, and aluminum 
were quantified with the KCl (1.0 mol L-1) method. 
Figure 1. Soil sampling locations in experimental fields I and II for low (LY), medium (MY), and high (HY) yield zones.
Table 1. Mean, relative, and cumulative grain yield observed at soil sampling points (SSP) for each yield zone (YZ) in field I.
Yield 
zone(1)
SSP Corn in 2008/2009 White oat in 2009 Corn in 2012/2013 Relative 
mean (%)
Cumulative 
yield (Mg ha-1)Mean (Mg ha-1) Relative (%) Mean (Mg ha-1) Relative (%) Mean (Mg ha-1) Relative (%)
LY
1 2.82 44.14 1.39 72.46 6.33 84.75 67.11 10.54
2 2.85 44.50 1.50 78.52 6.16 82.38 68.52 10.51
3 3.78 59.17 1.24 64.57 6.23 83.40 69.05 11.24
MY
1 6.24 97.79 1.81 94.55 7.63 102.16 98.17 15.68
2 6.23 97.59 1.86 97.00 7.69 102.88 99.15 15.77
3 6.63 103.95 1.95 102.02 7.69 102.92 102.96 16.27
HY
1 7.46 116.94 2.26 118.36 8.28 110.83 115.38 18.01
2 7.58 118.79 2.50 130.80 8.70 116.46 122.02 18.78
3 7.21 113.05 2.31 120.95 8.88 118.82 117.61 18.41
 (1)LY, low yield; MY, medium yield; and HY, high yield. Corn, Zea mays; white oat, Avena sativa, and soybean, Glycine max.
Table 2. Mean, relative, and cumulative grain yield observed at soil sampling points (SSP) for each yield zone (YZ) in field II.
Yield 
zone(1)
SSP Corn in 2009/2010 Soybean in 2010/2011 Wheat in 2012 Relative 
mean (%)
Cumulative 
yield (Mg ha-1)Mean (Mg ha-1) Relative (%) Mean (Mg ha-1) Relative (%) Mean (Mg ha-1) Relative (%)
LY
1 5.49 68.29 2.36 60.37 2.18 79.69 69.45 10.03
2 4.97 61.79 1.43 36.67 1.90 69.37 55.94 8.30
3 4.60 57.16 1.54 39.25 1.85 67.73 54.71 7.98
MY
1 8.19 101.84 3.67 93.79 2.98 108.93 101.52 14.83
2 7.91 98.42 4.05 103.50 2.95 107.87 103.26 14.91
3 8.23 102.40 4.06 103.71 2.92 106.73 104.28 15.21
HY
1 10.40 129.34 4.88 124.83 3.48 127.37 127.18 18.76
2 10.82 134.61 4.36 111.45 4.14 151.56 132.54 19.32
3 10.53 130.99 4.95 126.49 3.97 145.15 134.21 19.44
(1)LY, low yield; MY, medium yield; and HY, high yield. Corn, Zea mays; white oat, Avena sativa, and soybean, Glycine max.
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P and K were determined via colorimetry and flame 
photometry, respectively, whereas Al was titrated with 
0.025 mol L-1 NaOH. Base saturation (BS) and cation 
exchange capacity (CEC) at pH 7.0 were calculated as 
described in Tedesco et al. (2004). The attributes OM, 
clay, P, K, Ca, Mg, Al, BS, and CEC were combined 
with the eight soil depths, totaling 80 variables in each 
YZ.
Prior to the analysis of variance, assumptions of 
residual normality and homogeneity of variances 
were tested using the Shapiro-Wilk and Levene 
tests, respectively. As the necessary assumptions 
for the analysis of variance were not met for any of 
the variables, the analyses were then conducted with 
the two-way permutational analysis of variance 
(Permanova) based on the Euclidean distance, 
obtained with 9,999 random permutations, using the 
Past, version 3.14, software (Hammer et al., 2001). 
Permanova calculates the p-value using permutations 
instead of a table of F values, which assumes normality. 
The association of soil attributes and YZs was verified 
through the principal component analysis (PCA), also 
using the Past, version 3.14, software.
Results and Discussion
Directed soil sampling showed a significant simple 
effect for YZs and soil depths for most of the evaluated 
attributes (Table 3). In field I, pH, Mg, Al, and V 
differed significantly between YZs. Considering the 
eight depths analyzed, the mean pH values were 5.7, 
5.7, and 5.3 for the low (LYZ), medium (MYZ), and 
high yield (HYZ) zones, respectively. The greatest Mg 
contents were found in the MYZ, followed by the LYZ 
and HYZ (Table 4). Due to the greatest Al contents 
in the HYZ, the mean V at 0.0–0.40 m also differed 
significantly between YZs, being higher in the MYZ 
and LYZ than in the HYZ.
In field II, pH, K, Ca, and Mg were the attributes 
that varied between YZs. The highest mean pH was 
observed in the MYZ, whereas K was higher in the 
LYZ (Table 4). The mean value of K in the LYZ was 
105 mg dm-3, which is considered high (Manual…, 
2016), while, in the MYZ and HYZ, the K levels were 
55 and 38 mg dm-3, respectively. Considering the 
sampling points and the respective harvests evaluated 
in the present study, the HYZ had a cumulative 
yield of 19.17 Mg ha-1, which was higher than that of 
8.77 Mg ha-1 for the LYZ. This is an indicative that the 
lowest K contents in the HYZ were probably related 
to the higher nutrient export rates throughout the 
harvests. Currently, for each ton of grain produced, 
approximately 50, 16, and 6 kg ha1 K are exported 
for soybean (Bender et al., 2015), corn (Bender et al., 
2013), and wheat (Tedesco et al., 2004), respectively. 
Based on these values and on the means of the 
harvests, the total export of K was 430 kg ha-1 in the 
HYZ and 181 kg ha-1 in the LYZ; these results show the 
importance of considering yield spatial variability for 
calculating replacement fertilizations. The averages of 
Table 3. Summary of the two-way analysis of variance (p-values) by permutation using the Euclidean distance with 9,999 
permutations between yield zone (YZ), soil depth (SD), and the YZ x SD interaction in fields I and II.
Attribute(1) Source of variation(2)
Field I Field II
YZ SD YZ x SD YZ SD YZ x SD
OM (g kg-1) 0.0001*** 0.0001*** 0.0353* 0.0001*** 0.0001*** 0.0189*
Clay (g kg-1) 0.0002*** 0.0001*** 0.0042** 0.0001*** 0.0001*** 0.6404ns
pH (1:1 soil to water ratio) 0.0001*** 0.2115ns 0.9736ns 0.0118* 0.3793ns 0.9980ns
P (mg dm-3) 0.0195* 0.0001*** 0.0045** 0.0001*** 0.0001*** 0.0035**
K (mg dm-3) 0.9488ns 0.0001*** 0.9752ns 0.0001*** 0.0001*** 0.1752ns
Ca (cmolc dm-3) 0.4171ns 0.0001*** 0.9881ns 0.0001*** 0.0002*** 0.9802ns
Mg (cmolc dm-3) 0.0001*** 0.0001*** 0.9984ns 0.0001*** 0.0031** 0.9899ns
Al (cmolc dm-3) 0.0001*** 0.0001*** 0.5341ns 0.1762ns 0.2071ns 0.9975ns
BS (%) 0.0001*** 0.0001*** 0.8602ns 0.0670ns 0.0837ns 0.9999ns
CEC (cmolc dm-3) 0.0001*** 0.0001*** 0.0325* 0.0001*** 0.0001*** 0.0098**
(1)OM, organic matter; P, phosphorus extracted by Mehlich-1; K, potassium extracted by Mehlich-1; V, base saturation; and CEC, cation exchange 
capacity at pH 7.0. (2)Degrees of freedom: YZ = 2, SD = 7, YZ x SD = 14, residual = 48, and total = 71. *, ** and ***Significant at 5, 1, and 0.1% probability, 
respectively. nsNonsignificant.
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Ca and Mg were, respectively, 33 and 23% higher in 
the HYZ than in the LYZ (Table 4).
All attributes, except pH, varied significantly 
according to the assessed soil depths in field I. 
In field II, pH, Al, and V were not affected by the 
different depths (Table 3). The presence of vertical 
variability in the soil attributes was expected, since 
both experimental fields have been grown under the 
NTS for more than 20 years; during this period, crop 
residues were not incorporated and fertilizations were 
carried out on soil surface or sowing rows, favoring 
the formation of fertility gradients (Schlindwein & 
Anghinoni, 2000).
YZs interacted significantly with soil depths 
for some soil attributes (Table 3). In field I, OM 
was higher for the HYZ in all evaluated strata, but 
showed similar vertical distributions for the MYZ 
and LYZ (Figure 2 A). Similar results were found 
for potential CEC, where the greater values for the 
HYZ, compared with those of the LYZ, increased 
with increasing soil depths (Figure 2 C and D). 
Considering the intermediate layers of 0.00–0.05, 
0.20–0.25, and 0.35–0.40 m, OM was 20, 19, and 
34% higher in the HYZ than in the LYZ, respectively. 
In field II, the mean OM values were similar between 
YZs, until the 0.15-m depth. However, below this 
depth, these values were higher in the HYZ. For the 
0.35–0.40-m layer, the HYZ had 54% more OM than 
the LYZ. These results highlight the importance of 
considering deeper soil layers for interpreting soil 
chemical analysis in the NTS.
The plot generated from the PCA, based on the 
correlation matrix between soil attributes (considering 
all depths) and YZs, showed that the HYZ were related 
to higher OM and P contents and to higher potential 
CEC values, in both fields (Figure 3 A and B). Due to 
its relationship with physical, chemical, and biological 
processes, OM is considered an important indicator of 
soil quality (Vezzani & Mielniczuk, 2009). In addition, 
given its the ability to complex cations, OM acts as an 
important neutralizing source of Al, removing it from 
the soil solution (Zambrosi et al., 2007). Therefore, it is 
possible that the higher Al contents found in the HYZ 
were associated with its also greater OM contents 
(Table 4). It should be noted that Al toxicity did not 
have negative effects in some fields under the NTS 
due to the complexation of Al by OM (Zambrosi et al., 
2007). This could explain the occurrence of higher 
yields with the presence of greater Al contents in the 
HYZ (Figure 3).
Management practices that lead to increased OM in 
the soil can be an alternative to recover LYZ. Among 
these, stand out crop rotation plans that incorporate 
species with different root systems and high straw 
production. Cunha et al. (2011) found significant 
increases in OM content after four years of cultivation. 
Since the LYZ comprised approximately 25% of the 
evaluated fields (Figure 1), it is perfectly possible to 
Table 4. Mean values of soil chemical attributes at the 0.00–0.40-m depth for low (LY), medium (MY), and high (HY) yield 
zones in fields I and II.
Attribute(1)
Yield zone
Field I Field II
LY MY HY LY MY HY
OM (g kg-1)(2) 23 22 29 24 27 28
Clay (g kg-1)(2) 770 742 693 81.7 65.6 66.0
pH in water (1:1 soil to water ratio) 5.7a* 5.7a 5.3b 5.7b 6.0a 5.7b
P (mg dm-3)(2) 5.5 8.5 11.9 5.9 12.7 15.3
K (mg dm-3) 31.0ns 33.0 32.0 105.0a 55.0b 38.0b
Ca (cmolc dm-3) 4.9ns 5.1 4.7 4.9b 6.5a 6.5a
Mg (cmolc dm-3) 3.0a 3.1a 2.5b 3.0b 3.9a 3.7a
Al (cmolc dm-3) 0.5b 0.4b 1.3a 0.4ns 0.2 0.6
V (%) 61.9a 64.7a 49.8b 62.9ns 70.4 62.4
CEC (cmolc dm-3)(2) 12.9 12.7 14.4 12.9 14.8 16.6
(1)OM, organic matter; P, phosphorus extracted by Mehlich-1; K, potassium extracted by Mehlich-1; V, base saturation; and CEC, cation exchange 
capacity at pH 7.0. (2)Yield zone x soil depth interaction. *Means followed by equal letters do not differ significantly by the t-test, at 5% probability. 
nsNonsignificant.
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implement crop rotation plans associated with soil 
and plant georeferenced management techniques, 
in order to improve crop yield, without impacting 
cultivation in the areas with higher economic return 
(MYZ and HYZ), which will continue to be grown in 
75% of the fields.
Similarly to OM, P contents were significantly 
affected by the interaction between YZs and soil 
depths (Table 3), besides being positively related to the 
samples located in the HYZ (Figure 2). The mean value 
of P was higher in the HYZ, in both fields (Table 4), 
and the greatest differences between the HYZ and 
Figure 2. Mean values of soil organic matter (A and B) and cation exchange capacity at pH 7.0 (CECpH 7.0) (C and D) in fields 
I and II for low (LY), medium (MY), and high (HY) yield zones and at different depths. Gray shading indicates standard 
deviation.
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Figure 3. Principal components analysis based on the correlation matrix of soil chemical attributes, as well as low (LY), 
medium (MY), and high (HY) yield zones in fields I (A) and II (B). The first and second principal components account 
for the following percentages of data variance: 55.13 and 32.91% for field I (A), and 62.08 and 19.91% for field II (B), 
respectively. V, base saturation; CEC, cation exchange capacity at pH 7.0; and OM, organic matter.
LYZ were found at the 0.15-m depth, in field I, and 
at the 0.25-m depth in field II (Figure 4 C and D). 
High levels of P in subsurface layers may favor grain 
yield, as the roots can exploit a greater volume of soil 
under favorable conditions, according to Hansel et al. 
(2017). These authors reported increased soybean yield 
when P was applied at deeper soil layers (>0.20 m). 
Furthermore, studies have shown increased demand 
for P by modern cultivars/hybrids (Bender et al., 2013, 
2015; Hansel et al., 2017). Therefore, in order to obtain 
high yields, the increase in P contents in the soil and in 
its subsurface layers should be recommended.
The greatest clay content was related to the LYZ in 
both fields (Figure 2). Similar results were obtained by 
Kitamura et al. (2007), who found negative correlations 
between clay content and bean (Phaseolus vulgaris L.) 
yield in an Oxisol managed under irrigation system. 
On average, the clay contents were 770 and 820 g kg-1 
in fields I and II, respectively, for the LYZ, and 690 
and 660 g kg-1 for the HYZ (Table 4). The HYZ and 
MYZ showed lower mean contents of clay in most 
of the evaluated depths, compared with the LYZ, 
except below 0.25 m in field I, where the obtained 
values for all YZs were statistically similar. In field 
II, a moderate difference was observed between clay 
contents in all depths (Figure 4). Below 0.20 m, the 
values were greater than 850 g kg-1 in the LYZ, but 
they did not exceed 750 g kg-1 in the HYZ. It is likely 
that, in the present study, the LYZ were more prone to 
soil compaction due to the higher clay content, which 
probably reduced the natural capacity of water storage 
and contributed to the decrease in crop yield. Several 
studies have shown that water infiltration in the soil 
is a limiting factor in sites with low yield potential 
(Nicoloso et al., 2008; Girardello et al., 2011; Santi 
et al., 2012).
Among the alternatives for improving soil physical 
quality, biological interventions, via cover crops with 
a broad root system, have shown to be more efficient 
and to have more lasting effects than mechanical 
interventions (Nicoloso et al., 2008; Girardello et al., 
2011, 2014).
Directed soil sampling with a high level of detail 
allows identifying the factors responsible for driving 
crop performance in the fields. Considering the 
attributes evaluated in the present study, site-specific 
interventions, using cover crops with an aggressive 
root system and with increased straw production, are an 
alternative to low yield and may be used in conjunction 
with chemical interventions. In addition, the adoption 
of intelligent crop rotation planning considering YZs 
should be investigated in future studies.
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Conclusions
1. Low crop yield is associated with low potential 
cation exchange capacity, low phosphorus and organic 
matter contents, and high clay contents in Oxisols 
under the no-tillage system.
2. Soil organic matter at greater depths is an 
indicator of high yield zones.
3. Directed soil sampling considering historical 
yield data allows identifying chemical attributes that 
restrict grain yield and can guide more precise site-
specific interventions.
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